ABSTRACT Along with the Carnegie Collection in the United States and the Kyoto Collection in Japan, the Blechschmidt Collection (Georg-August-University of Göttin-gen, Germany) is a major historical human embryo and fetus collection. These collections are of enormous value to human embryology; however, due to the nature of the historical histological specimens, some stains are fading in color, and some glass slides are deteriorating over time. To protect these specimens against such degradation and ensure their future usefulness, we tried to apply modern image scanning and computational reconstruction. Samples of histological specimens of the Blechschmidt Collection were digitized into images using commercial flatbed scanners with a resolution of 4800 pixels per inch. Two specimens were reconstructed into three-dimensional (3D) images by using modern techniques to vertically stack two-dimensional images of the slices into 3D blocks. The larger specimen of crown-rump length (CRL) 64.0 mm, a series of very large histological sections in human embryology, was reconstructed clearly, with its central nervous system segmented before stacking. The smaller specimen of CRL 17.5 mm was also reconstructed into 3D images. The outer surface of the embryo was intact, and its development was classified according to the widely used Carnegie stages (CSs). The CS of the specimen was identified as the later half of CS 20. The invaluable Blechschmidt Collection can be revisited for further research with modern techniques such as digital image scanning and computational 3D reconstruction.
INTRODUCTION
Morphogenesis is key to understanding the morphology of human organs in the postnatal period and crucial for fields, including regenerative medicine, developmental biology, plastic surgery for congenital anomalies, and evolutionary biology. Traditional human embryology has increased our understanding of morphological and developmental processes, and several major collections of human embryos and fetuses have been maintained worldwide with this aim.
However, the expansion of human embryo collections has become extremely difficult in recent years due to the changes in clinical techniques. Therefore, existing embryo collections should be preserved and utilized effectively. Glass slides of histological specimens normally deteriorate over time. Furthermore, old specimens, mainly stained with hematoxylin and eosin (HE), typically fade (Fukunaga and Yashiro 1979) . Therefore, the need to digitize and preserve these slides has become an imperative. Advances in digital image acquisition have made it much easier to obtain 2D and 3D images and reconstruct 3D models to understand human development. Specific organs and tissues, such as the heart and bronchial tubes, can also be extracted using 3D images ). Similar 3D imaging of development has been performed using magnetic resonance imaging (MRI) for the brain (Yamaguchi et al. 2017 ) and nasal region (Katsube et al. 2017) .
One of the first major human embryo collections was the Carnegie Collection (Washington DC), which was established by Franklin P. Mall (1862 Mall ( -1917 around 1887. The Carnegie stages (CSs), which are currently widely used in human embryology, were originally defined based on the morphological characteristics of embryos from this collection (O'Rahilly and Müller 1987) . The collection has been described in greater detail in earlier publications (Brown 1987; Noe 2004) .
The largest human collection is the Kyoto Collection of the Congenital Anomaly Research Center, Graduate School of Medicine, Kyoto University, Japan, which includes more than 44 000 embryos and fetuses (Kameda et al. 2012) . Approximately 1000 embryo samples from this collection have been serially sectioned, and include approximately 500 normal and 500 abnormal embryos. Currently, several digitization projects are underway to acquire images of the samples using various modalities (Yamada et al. 2015) . Although the Kyoto collection is large, it contains fewer of the earlier CS embryos. To address this disproportion, collaborations have been performed with the Blechschmidt Collection in Göttingen, Germany, such as the work by Ueno et al. (2016) .
The Blechschmidt Collection is a major embryo collection famous for its reconstructed models and fine histological slices. Erich Blechschmidt (1904 Blechschmidt ( -1992 began the systematic collection of human embryos at the end of 1945, and the collection is now preserved in the Centre of Anatomy, University Medical Centre Göttingen (Georg-August-University of Göttingen, Germany). The Blechschmidt Collection contains high-quality serial sections from more than 120 specimens. In addition, it includes some larger, valuable specimens of earlier fetuses. The Centre of Anatomy also houses a unique collection of 64 enlarged plastic (Leguval Bayer) models of human embryos. The threedimensional reconstructions were built based on serial sections of well-preserved human embryos. The sophisticated models show the entire embryo surface and some organ systems, including the circulatory system, skeletal system, and central nervous system (CNS). Many textbooks use figures of the models. The collection has been previously described in two studies by Brand-Saberi et al. (2012) and Männer (2014) .
The Blechschmidt Collection has not been subjected to a digitization project thus far. In 2014, some of the present authors from Kyoto University scanned sections in Göttingen and found the specimens to be in suitable condition for research (Ueno et al. 2016) . On this basis, the decision was made to scan the remaining slides of the Blechschmidt Collection, and the digitization of the collection commenced in 2015.
In this study, the invaluable specimens of the Blechschmidt Collection were digitized with a commercial flatbed scanner and reconstructed into 3D images by using modern techniques. From these 3D images, the specimens could be classified into CSs, and several organ systems could be observed clearly.
MATERIALS AND METHODS

Overview of the Blechschmidt Collection
The Blechschmidt Collection has histological serial sections of more than 120 human embryos and earlier fetuses. Most slices were sliced 10 μm thick and stained in HE. Alternately, some specimens were stained with several classic histological stains, such as HE, the Heidenhain Azan trichrome stain, and Masson stain, probably to better understand the tissues. From the collection, 16 well-prepared and well-preserved samples were initially selected to be digitized to obtain whole outer shapes of the embryos (Table 1) .
Digitization of the specimens
To create digital images from histological sections, flatbed scanners (CanoScan 9000F, Canon, Tokyo, Japan) were used. The sections on the glass slides were scanned at 4800 pixels per inch (ppi), and saved in BMP and JPG formats. The glass slides carrying information about the histological sections, such as the slice thickness, missing slices, and stain, were also scanned to acquire metadata.
Analysis of digital data
Among the 16 scanned specimens, two were selected for additional analyses, based on the completeness and intactness of the slices. The larger specimen was a fetus of crown-rump length (CRL) 64 mm that was processed on April 25, 1950; the CNS was extracted, and 3D images were reconstructed. The sagittal slices of this specimen are complete from the right temporal tip of the head to the left end; however, the lower extremities were cut off at the middle of the thighs, and the upper extremities were cut off at the middle of the brachia. The smaller specimen was an intact embryo of CRL 17.5 mm, processed on June 22, 1949, and selected in an attempt to classify the CS (Fig. 1) .
The eight separate slices in the BMP images of each glass slide from the specimen with a CRL of 17.5 mm were cut out and saved as separate files. The CNS of the larger specimen was segmented with Photoshop Elements and Photoshop (Adobe, San Jose, CA, USA). Segmented areas were painted on a separate new 
RESULTS
Digitization
Sixteen specimens of the Blechschmidt Collection were digitized with flatbed scanners (Table 1) . The CRL ranged from 3.0 to 64.0 mm. Six specimens were sectioned transversally, eight sagittally, and two coronally. The obtained data were sufficiently detailed for macroscopic morphological observation. Figure 1 presents a glass slide of the largest specimen and one of the finest preparations of a histological section. The largest specimen of this study had a CRL of 64.0 mm, which is unavailable in the Kyoto Collection. By traditional definition, it is not an embryo but a fetus of post-embryonic stage, an exceptionally large-sized sample in histological serial sections of human embryology, and each single section is mounted on one glass slide. The sagittal sections were complete, finely prepared, and preserved from right end to the left of the body of the specimen. The slice shown to the left of Figure 1 is slightly off the midline of the fetus; therefore, the lateral ventricle of the cerebrum, heart, digestive canal, liver, vertebral column, lung, some bones around the hip joint, and other organs are clearly observed. The smaller specimen, with a CRL of 17.5 mm, to the right of Figure 1 , shows the CNS, vertebral column, digestive canal, liver, and other organs clearly. Eight sections of this specimen were mounted on one glass slide.
Analysis of the digitized data
To test the utility of the data for 3D reconstruction and analyzing the 3D shape, the two specimens shown in Figure 1 were further assessed. Segmentation and 3D reconstruction of the CNS were achieved with the largest specimen (CRL 64.0 mm). Segmentation was performed manually. From the reconstructed 3D images, the detailed outline of the CNS was apparent (Fig. 2) . The Sylvian fissure had emerged, and the cerebellum was differentiated.
Three-dimensional reconstruction and classification were performed with the smaller specimen (CRL 17.5 mm). Images of the slices were stacked serially and reconstructed into 3D images (Fig. 3) . The 3D images clearly represented the intact outer shape of the specimen. True to the models made from the photograph before sectioning, this 3D model showed the neural tube curves according to the heads and tails, which move leftward. The CS was determined without difficulty. This specimen was classified as the latter half of CS 20, with the features of the upper limbs bent at the elbows and interdigital notches apparent on the rim of the foot plates (Fig. 4) . The maximum intensity projection rendering mode revealed some fine inner structures with exceptional clarity, such as the neural ganglia and bronchi (Fig. 5) .
Comparing these two 3D reconstructions, the smaller specimen provided a better result because the distortions during the slice Fig. 1 Images of glass slides of the larger specimen with a crown-rump length (CRL) of 64.0 mm (left) and one of the smaller specimens with a CRL of 17.5 mm (right). The date processed, CRL, and serial number of the glass slide of the specimen are written on each glass slide. For the larger specimen, one slice was mounted on one glass slide, whereas for the smaller specimen, eight slices were aligned on a glass slide. The cut at the middle of the thigh of the larger specimen is visible. preparations were less pronounced. The larger specimen showed more noticeable distortions of the slices, especially on the regions of neck and cranium.
DISCUSSION
Digitization of the human embryo samples There are several human embryo collections with long histories, including the Blechschmidt Collection. Specimens of the Kyoto Collection are being digitized into 3D images using several modalities, such as phase-contrast X-ray computed tomography, and magnetic resonance microscopy, without destroying the specimens (Mizuta et al. 2006; Matsuda et al. 2007; Shiota et al. 2007; Kishimoto et al. 2016) .
The specimens of the Blechschmidt Collection are serially sectioned and stained mostly with HE, and the color has been fading in relation to the age of the sections. The histological sections of the Kyoto Collection, which the Blechschmidt predates by about 20 years, will face the same problem in the near future. It appears to be helpful to keep specimens under constant conditions (e.g., appropriate temperature, humidity, and darkness) to retard fading of the stain; however, the optimal methods for preservation have not been established thus far (Fukunaga & Yoshiro, 1979) .
The number of such sectioned histological samples of human embryos will not increase substantially in the near future, mainly due to changes in abortion methods. Therefore, destruction of the specimens with poorly established techniques such as re-staining should be avoided. It is important to preserve the existing human embryo specimens in the best possible condition for decades to come.
Consequently, digitization is one of the best methods to conserve the existing sections of human embryos at this time. By converting them to digital data, non-fading histological images can be obtained from specimens for the future. Digitization also prevents the studies from being handled, reducing the risk of damage to the collection.
Real sections can be observed only at the site of the collection. Transporting human samples over long distances can raise sensitive ethical issues, and damage to the specimens by transfer should be avoided. Digitization can also solve these problems, since the data can be easily accessed worldwide. Researchers who have no or little access to the indispensable samples also will be able to share them to study human development.
Advantages of digitization with a flatbed scanner Digitization of serial sections requires some type of digital scanner. For histological observation at high power, a high-resolution scanner is needed. Using a pathology slide scanner, the nuclei of cells can be observed. Digital atlases have been released for experimental animals, including the chick (Bellairs & Osmond 2014) , mouse (Richardson et al. 2014) , and Xenopus (Bernardini et al. 1999) . A digital atlas of the human embryo was recently published (de Bakker et al. 2016) , and projects are underway to digitize histological sections at high resolution in Kyoto (http:// atlas.cac.med.kyoto-u.ac.jp/) and worldwide (Digital Embryology Consortium, https://human-embryology.org). However, such high-resolution scanning is a time, labor, and resource intensive research, and the amount of data are extremely cumbersome to analyze at conventional computer performance for biomedical research. The commercial flatbed scanner, with lower resolution of 4800 ppi, is a solution. This inexpensive machine scans glass slides comparatively quickly and generates relatively small and suitable amounts of data. This type of image scanner adjusts its focus automatically, and sometimes slightly out of focus due to the difference of thickness of glass slides or even on one glass slide thickness can vary between slices. However, with this low-resolution method, the data in the present study had enough information for macroscopic reconstructions, and we had to reduce pixel resolutions for 3D image analysis. Therefore, our experience suggests that a maximum resolution of 4800 ppi is suitable for scanning histological sections with currently available computer resources, although high-resolution data will become easier to process in the future.
Three-dimensional analysis of digitized data
The images from all sections of a given specimen were stacked according to their inner structures, and 3D images were reconstructed from the sections.
The CNS from the specimen of CRL 64.0 mm was segmented directly on the sections, and the outer surface and CNS were reconstructed into 3D images by stacking the slices with Amira software (Fig. 2) . Other systems or organs, such as the circulatory system or liver, can also potentially be segmented and reconstructed into 3D images to observe their shape and quantify their volumes.
From reconstructed 3D images, specimens in serial sections could be classified into CSs. Based on observation of its surface on 3D images, the 17.5-mm specimen was classified into CS 20. With reconstructed 3D images, characteristics such as bent elbows and notched rims of the footplate are easily observed, and classification of a specimen into a CS is simple. If observation had been limited to the sliced sections alone, such classification would have been difficult. The CS classification represents a new staging for the Blechschmidt Collection, which has heretofore tagged their specimens only with CRL and the date of sectioning. Classification with the CS will be complementary to comparisons with specimens in other collections such as those in Kyoto.
The resolution used in the present study (4800 ppi, that is 5.29 μm per pixel), is comparatively low in the field of histology. With such a low resolution, each cell cannot be distinguished. To overcome such a limitation, high power field scanning for human embryos is underway worldwide (Digital Embryology Consortium 2015) .
Comparing the two specimens analyzed in this study, the smaller embryo (CRL 17.5 mm) achieved a more satisfactorily result of 3D reconstruction. Slices of the larger specimen (CRL 64.0 mm) had become more deformed during the course of section preparation. This could have been compensated for with non-rigid deformation techniques (Kajihara et al. 2017) .
In this study, digital images were acquired from histological sections of the Blechschmidt Collection, which is valuable to the study of human embryology. Furthermore, the outer surfaces of two specimens were reconstructed into 3D images. The CNS of a large specimen (in fetus stage) was also extracted and reconstructed. A smaller specimen in the embryonic stage was classified according to CSs from the 3D surface reconstruction. These applications are highly valuable to the further progress of human embryology. We are continuing to digitize and analyze the specimens of the Blechschmidt Collection to revisit in future research.
